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Recently, the Li-CO2 batteries have emerged as fascinating energy storage system because of 
capturing CO2 and converting into valuable energy. However, the Li2CO3 as the discharge product has 
insulating property in Li-CO2 batteries where exhibits more sluggish decomposition reaction kinetics, 
and it leads to the increase of the overpotential during charging. In this study, we demonstrate 
reversible operation of the Li-CO2 battery with LiNO3-based aprotic electrolyte. Our quantitative 
study on in-situ differential electrochemical mass spectrometry (DEMS) investigation with LiNO3-
based electrolyte in Li-CO2 battery reveals the equal consumption/evolution of CO2 gases during 
discharge/charge process. Li-CO2 battery using LiNO3-based electrolyte shows the two-electron 
reversible reaction. In particular, the NO3
-
 ions acts redox mediator during discharge/charge process 
where efficiently changes the reaction route from irreversible 1.33 e
-
/CO2 to reversible 2.00 e
-
/CO2. 
And we demonstrate the discharge product, which is the Li2CO3, according to X-ray photoelectron 
spectroscopy (XPS) and Raman spectroscopy (Raman) results. This study indicates that the LiNO3-
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Chapter 1  
1.1 Introduction of Li-CO2 battery  
 
Over time, the negative effect of carbon dioxide (CO2) gases, the most dominant greenhouse gas, 
on the atmospheric warming has been increasing because of the excessive use of fossil fuels.
1
 To 
convert CO2 gas into other organic compounds, a significant energy input is needed because carbon 
atom has the highest oxidation state.
2





 and carbon monoxide.
5
 Nevertheless, these chemicals require further 
compression process treatment to store and transport conveniently. This process gives rise to 
additional energy consumption. Accordingly, fixing CO2 could suggest an alternative by using 
renewable energy in an energy storage device. 
Intriguingly, a study on Li-CO2 battery has been emerged in recent years.
6
 Because Li-CO2 
batteries can capture CO2 gas, which has been used to store the energy as an energy carrier. 
Generally, Li-CO2 batteries compose of a Li metal anode, an electrolyte, a separator and a carbon-
based cathode. The electrochemical reaction in Li-CO2 batteries are expressed as 4Li + 3CO2 ↔ 
2Li2CO3 + C (E
o
= 2.8 V, Figure 1.1), where Li2CO3 and C (carbon) are the main discharge products in 










However, the decomposition of Li2CO3 requires high energy owing to its insulating properties and 
results in an increased overpotential. The high overpotential causes the further decomposition of the 
electrolyte, leading to the reducing of the amount of electrolyte in the battery and then the side 





Figure 1.2 The schematic illustration of side-reaction during decomposition of Li2CO3 
 
To improve Li-CO2 battery performance, the discharge product must be efficiently decomposed, 
and the decomposition reactions of the electrolyte must be suppressed. Recently, many studies have 
been focusing on the improvement of electrode design, catalyst, and electrolyte to address the 
































illustration of electrode components. 
 
Electrodes consist of an active material, a binder, a conductive material, and a current collector. 
(Figure 1.2) The conductive material, usually using carbon materials, transports the electrons which 
are generated after the electrochemical reaction, from the active materials to the current collector.  
The electric flow interference, resulting from the decomposition of the electrolyte and the electrode, 
causes the overpotential and the cell performance degradation.
11
 Therefore, studies have been 
conducted on using high conductivity electrodes that prevent the decomposition of the electrode.   
Dai’s groups have recently proposed the anodes in which graphene, a high specific surface area 
and conductivity material, is doped with heteroatoms (B, N).
12
 
Subsequently, the carbon nanotubes (CNT), owing to its high porosity and conductivity, has been 
reported to obtain higher cycle performance of the battery than graphene. These cathodes have long-
term cycle stability than only carbon-based cathodes.
13-14
 
However, the problem of those approaches is that traces of Li2CO3 still remains after long-term 
cycling. In addition, the cycle and capacity do not reach the level of Li-CO2 battery use. Therefore, 
Li-CO2 battery has been studied various cathodes and catalysts to reduce overpotential and to improve 










1.2.2 Kinds of catalysts 
 
Carbon-based cathodes require a lot of energy for Li2CO3 insulator decomposition. Also, there is 
the concern that the unnecessary energy released would cause overpotential resulting in the 
decomposition of the electrode and the electrolyte. To achieve reversible Li2CO3 decomposition, 
studies are being conducted on using carbon-based cathode with catalysts. 
Catalysts are synthesized by novel metals or transition metals and used to enhance the 
decomposition of the Li2CO3 discharge product. Studies have been performed using catalysts in Li-
CO2 batteries. Catalysts on electrodes have been used to improve battery performance and efficiency 




Figure 1.4 The schematic illustration of catalyst’s challenge.[21] 
 
Nevertheless, there is a problem in which small amounts of Li2CO3 still remain after long-term 
cycling. In this phenomenon, the areas of adjacent to the catalyst can easily decompose Li2CO3 
discharge product, but the areas that are far from the catalyst cannot decompose easily (Figure 1.4).  
Studies are being conducted to increase the catalytic reactivity of catalysts that are highly dispersible, 
and more progress is needed. Furthermore, most catalysts are expensive owing to their scarcity, and 
only the adjacent areas of existing dispersed catalyst electrodes are decomposed.
 19-21
  
To compensate for these shortcomings, this study elucidates a redox mediator, which is dissolved 
in a solvent, lowers overpotential, and increases reactivity with the product. 
12 
 
1.2.3 Redox mediators (RMs) 
 
Figure 1.5 The schematic of principle & function of redox mediator.[22] 
 
RM stands for ―redox mediator‖, and directly participates in the redox reaction. RM not only 
reduces the de-composition-activation energy of the discharge products but also acts as a catalyst 
during the charge process. As a catalyst dissolves in an organic solvent, it increases contact areas with 
the discharge product and selectively decomposes only the product. In addition, an RM has the 
advantage of allowing the battery to operate via a reversible reaction through directly engaging in the 
electrochemical reaction (Figure 1.5).
22
 
Of the various types of RMs, studies have been reported on the active use of halogen and/or 
aromatic materials, which are stabilized after accepting or contributing electrons. The use of those 




To overcome these problems of Li-CO2 battery studies, LiBr
24
 and binuclear cobaltphtalocyanine
25
 
have been used. It reduced the overpotential than conventional organic solvent electrolytes, and 
Li2CO3 was completely decomposed.  
However, RMs react with lithium metal electrodes, and side reactions occur, due to their vulnerability 
of Li metal and reductive RMs.
26
 These challenges must be improved in order for Li-CO2 batteries to 
run. 
Currently, studies on Li-CO2 batteries are actively being conducted. Because there is scarce study 
data on Li-CO2 battery, most of the Li-CO2 battery studies have been conducted by referring to 




In order to improve the decomposition of Li2CO3 as the main discharge product and operate 
reversible reactions without side-reactions; there is on-going research on electrodes, catalysts, RMs 































1.3 Goal for in this research 
 
This study used the LiNO3-based aprotic electrolyte, in which LiNO3 salt used in Li-O2 battery, to 
increase the stability of the electrodes and improve the cycle performance of the battery.   
Among the various studies to improvement performance that have been operated to reduce 
overpotential and pre-vent side-reactions in Li-O2 batteries, there have used LiNO3 salt with 
dimethylacetamide (DMAc) solvent. 
Li2O forms on the electrode through the interaction between lithium metal anode and NO3
-
 anion, 
and is a chemically stable solid electrolyte interphase (SEI) layer. The SEI layer prevents additional 
reactions from occurring on the electrode surface and produces ideal oxygen evolution reaction.
27-29
 In 
the case of LiNO3-based electrolytes, previous studies have operated batteries without the side-
reactions caused by the LiNO3 salt’s redox effect.
30-31
 DMAc solvents have a high donor number, and 
they can stabilize radical species.
32
 
This study shows the advantages of LiNO3 and DMAc solvent in Li-CO2 batteries in order to 
resolve the irreversible reactions problem associated with Li-CO2 batteries. XPS, SEM (scanning 
electron microscope), and Raman were used to analyze the discharge products and to measure CO2 

















1.4 Result and discussion 
 
Figure 1.6 The quantities of CO2 gas consumption occur during discharge. a) uses the LiTFSI in 
TEGDME electrolyte. b) uses the LiNO3 in the DMAc electrolyte. The blue line in both graphs 
indicates the potential. Black and green lines indicate CO2 gas consumption during discharge. (The 
orange dotted line is the gas consumption according to 1.33 electron process. The red dotted line is the 
gas consumption according to 2.00 electron process.) 
 
Figure. 1.6 a) is a graph that depicts the LiTFSI-based Li-CO2 battery operating at a constant 
current of 200 µA. The graph shows the voltage and the amount of CO2 consumed during discharge 
using the DEMS method. Figure 1.6 b) shows the measurements of the amount of CO2 gas that is 
consumed when a LiNO3-type Li-CO2 battery is discharged at a constant current of 200 µA.  
Previous Li-CO2 battery studies have shown a (4Li + 3CO2 ↔ 2Li2CO3 + C) mechanism of 1.33 e
-
/CO2, but the LiNO3 type electrolyte shows around 1.7 e
-
/CO2. This electron process shows a different 
trend than previous studies. Therefore, several analysis techniques were used to confirm that the Li-










Figure 1.7 Discharge product analysis in LiNO3-based electrolyte using a) and b) XPS, c) Raman 
and SEM, applying a current of 200 µA for 5 hours. a), b) are the XPS data of pristine cathode and 
after discharge respectively. c) is the Raman data. (the black line is the pristine cathode, the red line is 




Figure 1.7 is XPS, Raman, and SEM analysis to show the discharge product of the LiNO3 type Li-
CO2 battery. Figure 1.7 a) shows the XPS analysis technique to measure the electrode before 
discharge, and Figure 1.7 b) shows the XPS results for the electrode surface specimen after discharge. 
When compared with Fig. 1.7 a), a peak (~290 eV) for Li2CO3 can be seen in Fig. 1.7 b). Fig. 1.7 C) 
shows a Li2CO3 peak (~1080 cm
-1
) after discharge using the Raman analysis method.
6,17,21,34-35
    
Additional products were not seen in either the XPS or the Raman results. This can be interpreted to 
mean that the LiNO3-type Li-CO2 battery mainly produces Li2CO3. Fig.1.7 d shows the SEM analysis 
technique. After discharge, the product appears as a film on the carbon electrode. Based on the XPS 
and Raman analysis, Li2CO3 appears to be the discharge product of the LiNO3-type Li-CO2 battery. 
17 
 
This study shows that the LiNO3-type battery produces Li2CO3 as the main product at 1.7 e
-
/CO2, 
unlike in previous studies. 
DEMS analysis was used to measure potential and the amount of CO2 that was produced during 























Figure 1.8 The first charge and CO2 gas evolution profiles of Li-CO2 cell, applying a current of 200 
µA for 5 hours obtained using DEMS analysis in a) the LiTFSI-based electrolyte and b) the LiNO3-
based electrolyte after 1.0 mAh discharged at pure CO2 atmosphere. 
 
Fig. 1.8 a) shows the changes in the CO2 amount and change in potential that occurred when the 
LiNO3-type battery was charged at a current of 200 µA. When the Li-CO2 battery used the 
conventional electrolyte, most of the potential rapidly increased to more than 4.0 V.
6,36
 The generated 
CO2 tended to vary according to the potential. In these experiments, the LiNO3-type battery charged at 
around 4.0 V, and the generated CO2 approached 2.00 e
-
/CO2 (0.062 µmol/min).(figure 1.8b)  Based 
on these results, the LiNO3-type Li-CO2 battery shows lower overpotential and more fixed CO2 








Figure 1.9 The first discharge a) and charge b) profiles with high concentration 3 M LiNO3 in DMAc 
electrolyte. CO2 gas reduction and oxidation profiles during discharge and charge process of Li-CO2 
cell, applying a current of 200 µA for 5 hours obtained using in-situ DEMS analysis. 
 
Up to now, the mechanism by which CO2 is fixed and generated before and after charging and 
discharging has been analyzed. The nitrate-type electrolyte appears to have an intermediate value 
between a 1.33 and a 2.00-electron process during discharge. During charging, a 2.00-electron process 
occurs in fig 1.6b and fig 1.8b. We assume that Eq. 1 and the nitrate effect occur simultaneously in the 
mechanism of CO2 consumption during discharge.  
Therefore, in order to increase the nitrate effect, experiments were performed with a concentration 
of salt that was higher than that of previous experiments. Fig 1.10 a) shows the CO2 consumption and 
potential during discharge. The graph shows that the actual consumed amount was ~ 2.10 e
-
/CO2, 
which is close to a 2.00-electron process. Fig 1.9 b) shows the gas and potential that occurred during 




/CO2) as it did previously. No additional 




Figure 1.10 Schematic illustration of the suggestion mechanism in Li-CO2 using LiNO3-based 
electrolyte. 
 
Among Li-CO2 batteries, there have been no reports of LiNO3-based batteries, and the mechanism 
that was found is not certain. This experiment aims to measure CO2 consumption/generation and 
describe the consumption/generation mechanism. The LiNO3-based Li-CO2 battery has an ~ 1.70 e
-
/CO2 electron process, which is between 1.33 e
-
/CO2 and 2.00 e
-
/CO2 during discharge. During 
charging, CO2 generation is fixed at 2.00 e
-
/CO2 without generating any additional gasses. High-
concentration LiNO3-based batteries show a reversible electron process at 2.00 e
-
/CO2 during charging 
and discharging.  
In the Li-air studies reported, LiNO3-based batteries have a 2.00 electron process through the 
interaction of NO3 anions. Based on this mechanism, the LiNO3-based Li-CO2 battery mechanism is 
shown in Fig. 1.10. In the proposed mechanism, two lithium atoms react with CO2 to create the main 
product Li2CO3. The NO3 anion changes to an NO2 anion, and the O contributes to the main reaction. 
Moreover, the NO2 anion performs the role of a catalyst that decomposes the Li2CO3 during charging 
and becomes an NO3 anion again. According to the proposed mechanism, the LiNO3-based Li-CO2 
battery has a reversible reaction, and it creates a charging reaction at a lower overpotential through the 







It is difficult to obtain a reversible reaction involving CO2 in Li-CO2 batteries during 
electrochemical reactions. In this study, a reversible reaction was obtained using a nitrate-based 
electrolyte. CO2 consumption and evolution exhibited a two-electron process during both the charge 
and the discharge.   
It was also confirmed that the process is maintained at high-concentration conditions. Moreover, 
XPS and Raman analysis confirmed that only Li2CO3 was produced without additional products. 
Thus far, there have been no reports of nitrate-based electrolytes in research regarding Li-CO2 
batteries to the best of our knowledge. There is also insufficient research on the interactions of 
electrolytes with CO2. This study presents the possibility of applying a new mechanism and a new 
electrolyte in Li-CO2 batteries, based on which various electrolytes can be developed with reference 























1.7 Experimental section 
 
Li–CO2 Cell Assembly. For the preparation of the cathode for the aprotic electrolyte, the air 
cathode was fabricated using a mixture of Ketjenblack carbon (EC-300J) and  
polytetrafluoroethylene (PTFE, Sigma-Aldrich, USA) at 9:1 (wt%). The mixture was dispersed in 
water solution and cast on an SUS mesh (stainless steel mesh, Shinmyung Science Inc.) current 




1 M LiTFSI (Lithium bis(trifluoromethanesulfonyl)imide) in the TEGDME (Tetraethylene glycol 
dimethyl ether) and 1 M LiNO3 in the DMAc (dimethylacetamide) were purchased from Enchem 
(Korea) and stored in an Ar-filled glove box (H2O and O2 < 1 ppm).  
3 M LiNO3 in the DMAc were fabricated using LiNO3 salt (Sigma Aldrich, ReagentPlus) and DMAc 
solvent (Sigma Aldrich, anhydrous 99.8%). The Li-CO2 cell was assembled into a 2032 coin cell 
(Hohsen, CR2032, Japan) with holes. The Li metal film (thickness of 0.3 mm) was purchased from 
FMC (Korea). The glass fiber separator (GF/C) was purchased from Whatman (England). The Li-CO2 
cell assembly was carried out in an Ar-filled glove box. 
 
Material Characterizations The carbon cathode were analyzed by using a SEM (S-4800, Hitachi 
High Technologies, Japan) at an acceleration voltage of 5.0 kV and XPS experiments were performed 
on a scanning X-ray microprobe (ESCALAB 250XI, Thermo Fisher scientific, US). Raman spectra 
were measured by a micro Raman spectroscope (alpha 300, WITec GmbH) using 532 nm. Before the 
cathodes were transferred to SEM and XPS analysis after cell disassembly, they were packed in an Ar-
filled glove box to prevent contamination of products on electrode from the air. 
 
Electrochemical Measurements. Galvanostatic discharge-charge was used to evaluate battery 
performance (capacity, voltage, power density) by using a battery cycler system (WBCS 3000, 
WonATech, Korea). For the experiments performed, the Li-CO2 cells using aprotic electrolytes were 
tested at room temperature in a lab-built coin cell kit. The details of the differential electrochemical 
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